To investigate whether the expression of the novel adipose tissue-speci®c protein GBP28 in adipose tissue and serum are altered in mice under a variety of conditions. DESIGN: Mice were fed a high-fat diet for 4 weeks, fasted for 48 h or exposed at 4 C. SUBJECTS: C57BLa6J mouse, male, 4 ± 6 weeks old. MEASUREMENTS: GBP28 mRNA, GBP28 protein, blood glucose, insulin and fad pad weight of the mice. RESULTS: We ®rst con®rmed that the mouse has GBP28 and its characteristics are the same as human GBP28. Serum concentration and mRNA levels of GBP28 signi®cantly increased in the mice exposed to cold. CONCLUSION: GBP28 may play a role in homeostasis, regulating body temperature and basal metabolic rate in response to changing environmental conditions.
Introduction
Adipose tissues have been viewed for a long time as a passive player in the regulation of energy homeostasis, ie, storing neutral fat in nutritional excess and releasing it in nutritional deprivation. However, it is now considered that adipose cells secrete a large number of bioactive molecules, including adipsin (factor D of the complement system), 1, 2 angiotensinogen, 3 tumor necrosis factor-a (TNF-a), 4 leptin, 5 adipocyte complement-related protein of 30 kda (Acrp 30) AdipoQ, 6, 7 and plasminogen activator inhibitor-1 (PAI-1). 8 We have identi®ed a novel plasma protein named GBP28 (gelatin-binding protein of 28 kDa), which was puri®ed from human plasma by the use of its af®nity to gelatin. 9 GBP28 consists of 244 amino acids with a non-helical region, a collagen-like domain and a globular domain. Three 28 kDachains form a homo-trimer with each collagen-like domain and the trimer units further combine to form an oligomeric complex composed of four or six units.
Recently, cDNA clone, apM1, encoding a human mRNA speci®c for adipose tissue, has been reported by Maeda et al. 10 The assumed amino acid sequence of apM1 contains the whole sequence of GBP28, suggesting that GBP28 is synthesized and secreted by adipose tissue.
Scherer et al and Hu et al identi®ed an adipocyte-speci®c mRNA Acrp30aAdipoQ using a preadipocyte cell line 3T3-L1 and a random cDNA sequencing approach. 6, 7 GBP28 has 82.7% amino acid sequence identity with Acrp30aAdipoQ. Thus Acrp30aAdipoQ appears to be the mouse counterpart of GBP28. Since the biological functions of GBP28 and Acrp30aAdipoQ remain to be solved, we tried to develop a mouse experimental model for functional characterizations of GBP28. In the present report, we ®rst con®rmed that Acrp30aAdipoQ was indeed the mouse homologue of GBP28 protein and studied its protein and mRNA levels in mice fed a high-fat diet, fasted or exposed to cold, to elucidate its functions.
Materials and methods

Materials
Nitroblue tetrazolium and 5-bromo-4-chloro-3-indonyl phosphate were purchased from Sigma Chemicals (St Louis, MO). Gelatin-cellulo®ne was from Seikagaku Corp (Tokyo, Japan). Gel chromatography column, HiPrep 16a60 Sephacryl S-300 HR (600Â16 mm ID) was obtained from Pharmacia LKB Biotech (Uppsala, Sweden). Renaissance 2 Western blot chemiluminescence reagent was from DuPont NEN (Boston, MA). PVDF membrane, ProBlott 2 , was from Perkin Elmer Applied Biosystems (Foster City, CA). Paraformaldehyde was from Wako Pure Chemicals (Osaka, Japan).
Animals
Male C57BLa6J mice were purchased from Saitama Research Laboratory (Saitama, Japan). Mice were maintained at 20 ± 26 C on a 12a12 h light-controlled room and given free access to food and water. The mice were fed a standard diet (4.4% (waw) fat) or a high-fat diet, which contained 11% (waw) fat (Oriental Yeast Co., Tokyo, Japan).
Antibodies
Rabbit antisera against intact human GBP28,`anti-GBP28', the amino-terminal 20 amino acids of human GBP28 (ETTQGPGVLLPLPKGATCG),`anti-N', and the carboxylterminal 20 amino acids of human GBP28 with one extra cysteine (CYADNDNDSTFTGFLLYHDTN),`anti-C', were prepared as described previously. 9 
Immunohistochemistry
Immunohistochemical demonstration of mouse GBP28 was performed with the avidin-biotin peroxidase (ABC) method. White and brown adipose tissues were ®xed in 4% paraformaldehyde in 10 mM sodium phosphate, pH 7.4 (PB), for 15 h at 4 C and then washed three times with 10 mM sodium phosphate, pH 7.4, 150 mM NaCl (PBS). Subsequently the tissues were incubated with 20% sucrose in PB twice for one day. The frozen sections (10 mm thickness) of adipose tissues were processed through the following incubation steps: (1) 0.5% hydrogen peroxide in 10 mM Tris-HCI, pH 7.4 and 150 mM NaCl (TBS) for 15 min to block endogenous peroxidase; (2) anti-GBP28 diluted 1 : 10 000 in 3% non-fat dry milk in TBS containing 0.05% Tween 20 (TTBS) overnight at 4 C; (3) biotinylated goat anti-rabbit IgG 1:2000 for 2 h; (4) ABC complex for 1 h (Vectastain ABC kit, Vector Labs, Inc., Burlingame, CA); and (5) histochemical visualization of peroxidase using 3,3
H -diaminobenzidine tetrahydrochloride (Sigma Chemicals, St Louis, MO, USA).
SDS-PAGE and Western blot analysis SDS-PAGE was performed according to the method of Laemmli 11 using 10 or 12% polyacrylamide slab gel. Samples were boiled for 5 min under reducing conditions. After electrophoresis, protein bands in the gel were transferred electrically onto a nitrocellulose membrane. The membrane was rinsed twice with PBS and then blocked with 3% non-fat dry milk in PBS containing 0.05% Tween 20 (TPBS) for 15 min. The membrane was incubated with rabbit antiserum solution (7500-fold dilution in TPBS containing 3% non-fat dry milk) for 15 min at room temperature. After washing with TPBS for 5 min three times, the membrane was incubated with an alkaline phosphatase-conjugated anti-rabbit IgG (5000-fold dilution in TPBS containing 1% non-fat dry milk) for 15 min at room temperature. After the membrane was rinsed twice and washed three times with TPBS for 5 min, color was developed with nitroblue tetrazolium and 5-bromo-4-chloro-3-indonylphosplate or chemiluminescence reagent (DuPout NEN, Boston, MA).
Analysis of microsomal GBP28 in mouse adipose tissues Microsomal fractions were prepared by the method of Sivitz et al with certain modi®cation. 12 Epididymal and interscapular adipose tissues were homogenized for 30 s with a polytron in ice-cold TES buffer (20 mM Tris-HCI, 250 mM sucrose, 1 mM EDTA, pH 7.4, containing I mM PMSF, 0.01 mM leupeptin, and 5 mgaml aprotinin). Homogenates were spun twice at 3000Âg for 90 min and supernatants were spun further at 100 000Âg for 90 min at 4 C. Resultant precipitates were suspended in ice-cold TES buffer and protein concentrations were determined using the BCA kit (Pierce, lll). Microsomal proteins were separated by SDS-PAGE and subjected to immunoblotting analysis using anti-C as described above.
Northern blot analysis
Total RNAs were isolated from epididymal and interscapular adipose tissues by the AGPC method. 3 The amounts of mouse GBP28 and Leptin mRNAs were assessed by Northern blot analysis. Total RNA (20 mg) was separated by electrophoresis in horizontal 1.0% agarose gel containing 6.5% formaldehyde and transferred to a nylon membrane overnight. Blots were prehybridized for 2 h at 42 C in a solution containing 50% formaldehyde, 10ÂDenhardt's solution, 5Â SSPE solution, 2% SDS and 100 mgaml of denatured salmon sperm DNA. Hybridization was carried out for 20 min at room temperature in an identical solution containing 10 6 cpm of [ 32 P]-labeled probe per ml at 42 C for 16 h. Hybridized blots were washed twice with 2Â SSC containing 0.05% SDS at room temperature for 20 min and twice with 0.1Â SSC containing 0.1% SDS at 50 C for 20 min, and then exposed to X-ray ®lm (RX-U, Fuji, Tokyo, Japan) with an intensifying screen at À70 C. Autoradiograms were analyzed by quantitative scanning densitometry (FUJIX, BAS2000, Fuji, Tokyo, Japan). The cDNA fragment used as a probe for mouse GBP28 mRNA was a 385 base pair fragment complementary to the Acrp30 coding region, which was ampli®ed by RT-PCR with the RNA isolated from the white adipose tissue. The RT-PCR product was subcloned into pUC 119 and
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M Yoda et al sequence. 6 The nucleotide sequence of the product was identical to the mouse Acrp30 cDNA sequence. 6 Leptin cDNA that contained the full coding region was also prepared by RT-PCR, subcloned into pUC 119 and sequenced. bActin cDNA was used as a control probe. All probes were labeled with [a-32 P] dCTP by the random-primer method.
Puri®cation and amino acid sequence determination of mouse GBP28 Mouse GBP28 was puri®ed by the same method as already described for human GBP28. 9 Brie¯y, mouse serum was applied to the column of gelatin-Cellulo®ne and the bound proteins were eluted with 1 M sodium chloride. The puri®ed Figure 1 Analysis of GBP28 in mouse serum. (A) Western blot analysis. One ml of human or mouse serum was boiled for 5 min under reducing conditions and analyzed by SDS-PAGE followed by Western blotting using anti-C. (B) Characterization of mouse serum GBP28 by gel-®ltration and gelatin-af®nity. (a) Mouse pooled serum (1 ml) was fractionated with HiPrep Sephacryl 300-HR. Vertical lines indicate elution positions of molecular-mass markers (IgM, 971 kDa; ®bronectin, 440 kDa; IgG, 160 kDa; and albumin; 66 kDa). (b) An aliquot (10 ml) of each fraction was electrophoresed under reducing conditions and analyzed by Western blotting using anti-C. (c) An aliquot (100 ml) of each fraction was incubated with gelatin-Cellulo®ne (5 ml) for 10 min at 4 C. After washing with TPBS, the proteins bound to the resin were analyzed by SDS-PAGE under reducing conditions and Western blotting using anti-C.
Characterization of mouse GBP28 M Yoda et al sample was boiled for 5 min under reducing conditions and resolved by SDS-PAGE. After electrophoresis, proteins in the gel were transferred electrically onto a PVDF membrane. Coomassie Blue-stained protein bands on the PVDF membrane were excised and the amino-terminal amino acid sequences were determined with a Perkin Elmer Applied Biosystems 473A Protein Sequencer.
Results
Identi®cation of GBP28 in mouse serum
One microliter of mouse serum was electrophoresed and analyzed by Western blot using the antibodies, anti-C and anti-N. As shown in Figure 1A , doublet bands, which had similar molecular weights to GBP28 in human serum, were detected in mouse serum by anti-C. The lower major band had a molecular mass of 27 kDa and an upper minor band of 30 kDa. These bands suggested that the proteins existed at about 10-fold the concentration of GBP28 in human plasma.
No band was detected in mouse serum by anti-N (data not shown). To test if the bands, which reacted with anti-C, bound to gelatin-Cellulo®ne, 10 ml of mouse serum were incubated with gelatin-Cellulo®ne (5 ml) and the bound proteins were electrophoresed and analyzed by Western blot using anti-C. The protein of 27 kDa could be detected in the gelatin-bound fraction and we assumed that the 27 kDa protein was a mouse counterpart of human GBP28. To characterize mouse GBP28 further, mouse serum was fractionated with HiPrep Sephacryl 300-HR and mouse GBP28 was detected by anti-C before and after af®nity precipitation with gelatin-Cellulo®ne ( Figure 1B, b and c) . A major molecule was eluted at the position of a molecular mass of 300 kDa ( Figure 1B, b) and another molecule, which could bind to gelatin-Cellulo®ne, was eluted at the position of a molecular mass of 420 kDa ( Figure 1B, c) . These characteristics were similar to those of human GBP28. 8 Then, to analyze its amino-terminal amino acid sequence, we tried to purify mouse GBP28 by the same method as for human 
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Mouse serum was applied to a gelatin-Cellulo®ne column and the bound proteins were eluted with 1M NaCl. The eluate was electrophoresed and transferred to a ProBlot membrane and protein bands were stained with Coomassie Blue. One strip was cut off from the membrane and stained by anti-C to detect mouse GBP28. Then the band of mouse GBP28 was excised from another strip of the same membrane for sequence analysis. The amino-terminal amino acid sequence was determined to be EDDVTTEELAPALVPPPK and it was identical to the deduced amino acid sequence from the cDNA clone Acrp30 and AdipoQ. 6, 7 Immunohistochemical localization of GBP28 protein apM1 and Acrp30aAdipoQ mRNAs are expressed in white adipose tissue (WAT). 6, 7, 8 We studied the distribution of mouse GBP28 protein in WAT and brown adipose tissue (BAT), using rabbit antiserum against human GBP28 (anti-GBP28 which recognizes intact GBP28 trimer) (Figure 2) . The results of the immunohistochemical approach indicated that the thin rims of both adipocytes were stained by anti-GBP28. Control experiments were performed under the following two conditions: (1) incubation with pre-immune serum instead of anti-GBP28 (Figure 2b ) and (d); and (2) absorption test using anti-GBP28 preincubated with GBP28 (data not shown). Both control experiments showed no staining and these results clearly indicate that the staining in epididymal WAT and interscapular BAT is attributable to anti-GBP28. The sections of liver, kidney and spleen were not stained with anti-GBP28 (Figure 2e ± g ). From these, it was suggested that GBP28 protein exclusively exists in both white and brown adipocytes.
Identi®cation of GBP28 in adipose tissues by Western blot analysis
We next examined proteins in microsomal fractions of a variety of mouse tissues by Western blot using anti-C. The results revealed the presence of GBP28 protein in the microsomal fractions in both the epididymal WAT extract and the interscapular BAT extract (Figure 3 ). Both adipose tissue extracts yielded 27 kDa bands which is similar to the band of serum GBP28. The signal intensity in the interscapular 
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BAT sample was lower than that in epididymal WAT samples. In other tissues not expressing the mRNA for mouse GBP28, including liver, kidney and spleen, 6 ,7 the band of 27 kDa was not detected. The results further supported the hypothesis that only the adipose tissue produces GBP28.
GBP28 mRNA expression in adipose tissues
After total RNAs from epididymal and interscapular fat pads were isolated, the expression of GBP28 mRNA was analyzed by Northern blot (Figure 4) . Mouse GBP28 mRNA was 1.5 kb in size and leptin mRNA 4.5 kb. Mouse GBP28 mRNA was detected in both the epididymal WAT and interscapular BAT (Figure 4a ). Mouse GBP28 mRNA levels in epididymal WAT were similar to those of interscapular BAT (Figure 4b ). Leptin mRNA was also expressed in both WAT and BAT while the expression in BAT was much lower than in WAT. These results also supported the theory that both adipose tissues express the mRNA and protein of GBP28, even though GBP28 protein level per total proteins in BAT was lower than in WAT.
Expression of GBP28 mRNA in epididymal adipose tissue of diet-induced obese mice To investigate whether GBP28 gene expression is altered in diet-induced obesity, GBP28 mRNA levels in mice fed a standard diet were compared with those of mice fed a high-fat diet for 4 weeks ( Figure 5 ). Mice on the high-fat diet were heavier in body weight than mice on the standard diet, and developed moderate hyperinsulinemia. The weight of the epididymal and the mesenteric fat pads from the mice fed a high-fat diet were 1.8-fold and 2.2-fold heavier than those from the mice fed a standard diet, respectively. The appearance of large numbers of white adipocytes in the brown adipose tissue was observed in mice fed a high-fat diet. As shown in Figure 5a and b, the levels of GBP28 mRNA were similar in mice fed on each diet. In contrast, the leptin mRNA level in the epididymal of mice fed on a high-fat diet was 2.2-fold higher than that in the mice fed the standard diet. By Western blot using anti-C, we found that circulating GBP28 protein levels in sera of mice on the standard diet and those of mice on the high-fat diet were not signi®cantly different (Figure 5c ). These ®ndings indicated that the development of obesity is not suf®cient for decreased expression of the GBP28 gene in mice.
GBP28 mRNA and protein levels after starvation We next examined the expression level of GBP28 mRNA after starvation. Male mice deprived of food for 48 h decreased 16% in body weight and the volumes of their adipose tissues were drastically decreased. Blood glucose concentrations fell from 131 AE 3.3 mgadl to 5.9 AE 4.9 mgadl and insulin levels fell from 3.2 AE 0.76 ngaml to 0.4 AE 0.21 ngaml. Northern blot analysis of total RNA from the epididymal and the interscapular fat pads of these mice showed that GBP28 mRNA levels did not change (Figure 6a and b) . On the other hand, fasting for 48 h led to substantial falls in levels of leptin mRNA in both adipose tissues. The protein levels of circulating GBP28 in these mice was unchanged during 48 h of fasting. The leptin mRNA levels of these mice were correlated with the body weight, the blood glucose concentration and the serum insulin concentration, but GBP28 mRNA levels were not. 
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M Yoda et al GBP28 mRNA and protein levels under cold stress We next examined whether mouse GBP28 expression was changed by exposure to cold. As shown in Figure 7a and b, signi®cant induction of GBP28 mRNA was observed in interscapular BAT after 6 h at 4 C (about 1.5 fold induction). On the other hand, in epididymal WAT, GBP28 mRNA was elevated slightly and transiently from 6 to 18 h at 4 C. Leptin mRNA in epididymal WAT and interscapular BAT from these mice were not elevated in expression in response to cold (data not shown). The levels of circulating GBP28 protein were elevated in these mice from 6 h at 4 C in parallel with the levels of GBP28 mRNA (Figure 7c ). The increase was maintained for at least 24 h and then gradually decreased to the original levels. The induction of GBP28 by exposure to cold and the speci®c and signi®cant increase of mRNA in BAT suggested that GBP28 might play a role in homeostasis systems to maintain body temperature and basal metabolic rate in response to changing environmental conditions.
Discussion
In the present study, we ®rst puri®ed mouse GBP28 from serum and con®rmed that the protein was identical to Acrp30aAdipoQ which had been found to be a novel protein secreted from 3T3-Ll and 3T3-f442 cells. The deduced amino acid sequence from Acrp30aAdipoQ has 82.6% identity with human GBP28 and its carboxyl-terminal 20 amino acid sequence is identical except for one amino acid. Thus, anti-C Figure 6 Effect of fasting on GBP28 mRNA and serum protein levels. (a) Northern blot analyses of GBP28 and leptin mRNAs in the epididymal white adipose tissue and interscapular brown adipose tissue of the mouse fed or fasted for 48 h. (b) Ratios of GBP28 mRNAab-actin mRNA and leptin mRNAabactin mRNA were calculated from the results of (a). (In each experiment, n 3) (c) Western blot analyses of serum GBP28 level in mouse fed or fasted for 48 h. Mouse sera (1 mlalane) were analyzed by SDS-PAGE under reducing conditions and Western-blotting using anti-C.
Characterization of mouse GBP28 M Yoda et al could detect mouse GBP28. On the other hand, its aminoterminal 20 amino acid sequence is rather different from human GBP28 with only 4 identical amino acids, and because of its low homology, anti-N could not react to mouse GBP28. Our results indicate that mouse also has GBP28 and its characteristics are the same as human GBP28. Thus, we thought that it would be possible to elucidate functions of GBP28 by using mice as a model system.
We have found by immunohistochemical and Western blot analyses that GBP28 is an abundant protein in adipocytes of both white and brown adipose tissues. Northern blot analysis of adipose tissues demonstrated that GBP28 mRNA was expressed at similar levels in WAT and BAT. These results suggested a pivotal role for GBP28 in adipose cell speci®c functions.
Adipose tissues quickly change in volume depending on nutritional conditions, indicating that the structure of the extracellular matrix in adipose tissues should be elastic and exible. Since GBP28 binds to gelatin, it is a tempting proposal that GBP28 might regulate the structural change of the extracellular matrix. This possibility is, however, unlikely because of the ®ndings that its serum protein and mRNA levels did not change, although the volume of adipose tissues changed drastically. Whereas the mice fed a high-fat diet for 4 weeks gained signi®cantly more body fat than the mice fed a standard diet, the levels of serum GBP28 levels were unchanged. The mice fasted for 48 h lost about 16% of their body weights and volume of adipocyte tissues without a change of serum GBP28 levels. Therefore, the change of body fat content might not be directly involved 
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M Yoda et al in the control of GBP28 expression. This stable expression is characteristic for GBP28, because leptin, TNF-a and angiotensinogen markedly change their expressions depending on nutritional conditions. 14, 15, 16 Despite intense study of serum protein levels of various human subjects, we could not ®nd any apparent correlation with a certain disorder except obesity (manuscript in preparation). Arita et al recently reported similar results in human obese subjects 17 and Hu et al also reported that AdipoQ mRNA expression is reduced in the adipose tissues from genetically obese obaob mice and obese humans. 7 These results suggested that obesity is linked to the regulation of GBP28 mRNA and protein expressions in adipose tissue. However our ®ndings indicated that the development of obesity is not suf®cient for decreased expression of the GBP28 gene in mice. Recently we determined the organization of the GBP28 gene, and to analyze the promoter region, we sequenced about 600 nucleotides in the 9 kb fragment of the 5
H¯a nking region. 18 Schaf¯er et al also recently reported the human adipocyte apM1 promoter. 19 In the promoter of GBP28 gene, no TATA box, but a classical CCAAT box, was identi®ed, which is associated with constitutively active housekeeping genes. Because nutritioninduced obesity did not result in reduction of GBP28 protein and mRNA levels, the observed reductions of these in obese humans and genetically obese mice might be the result of one of the causes of genetic obesity.
Surprisingly and interestingly, mice exposed to the cold increased their serum protein level of GBP28. Because the increase of GBP28 mRNA was marginal, the signi®cant increase of serum GBP28 might correspond to the release of GBP28 from a stock in the extra cellular matrix or cellular particles ( Figure 4 ). GBP28 is highly homologous with hibernation-associated plasma proteins (HP-27, HP-25, and HP-20) and p88 HRP in the blood of Asian chipmunks (T. asiaticus) 20, 21 and hibernating woodchucks, 22 respectively. Swan and Schatte reported that extracts from the subcortical brains of hibernating ground squirrels signi®cantly reduced the body temperature and oxygen consumption of rats. 23 Thus, in hibernating species, many proteins seem to be involved to initiate and maintain their two physiological states. Homology of GBP28 to HP-20, HP-25, and HP-27 might suggest its function in adaptive thermogenesis.
